Mechanical forces arising from strain, pressure, and f luid shear stress are sensed by cells through an unidentified mechanoreceptor(s) coupled to intracellular signaling pathways. In vascular endothelial cells, f luid shear stress is transduced via pathway(s) involving heterotrimeric guanine nucleotide-binding proteins (G proteins) by molecular mechanisms that are unknown. In the present study, we investigated the activation of purified G proteins reconstituted into phospholipid vesicles. Vesicles containing G proteins were loaded with [␥-32 P]GTP and subjected to physiological levels of f luid shear stress in a cone-and-plate viscometer. Steady-state GTP hydrolysis was measured as an index of G protein function. Shear stress (0-30 dynes͞cm 2 ) activated G proteins in dose-dependent manner (0.48 -4.6 pmol͞min per g of protein). Liposomes containing lysophosphatidylcholine (30 mol %) or treated with benzyl alcohol (40 mM), conditions that increase bilayer f luidity, exhibited 3-to 5-fold enhancement of basal GTPase activity. Conversely, incorporation of cholesterol (24 mol %) into liposomes reduced the activation of G proteins by shear. These results demonstrate the ability of the phospholipid bilayer to mediate the shear stress-induced activation of membrane-bound G proteins in the absence of protein receptors and that bilayer physical properties modulate this response.
Mechanotransduction is a phenomenon that enables cells to perceive and respond to stimuli such as strain, pressure, and fluid shear stress (1) . The molecular mechanisms by which cells sense and transduce external forces into intracellular biochemical events are not well understood. Such mechanisms require virtually instantaneous activation to provide rapid accommodation to an altered environment (2) . In sensory transduction systems such as photoreception, taste, and olfaction, signaling pathways involve G protein activation and are linked to seven-transmembrane-domain receptors (3) . Many shear stress-induced responses are also mediated by G proteins (1), with both pertussis toxin-sensitive (G i ) and -insensitive (G q ) subunits rapidly activated by fluid shear in human vascular endothelial cells (4) . However, the mechanism(s) of G protein activation by shear stress is unknown.
We hypothesize that shear stress is transduced via the lipid bilayer to directly activate heterotrimeric G proteins on the cytosolic face of the plasma membrane. Several lines of evidence suggest the plausibility of such a mechanism. First, shear stress can directly affect membrane physical properties such as membrane permeability (5) . Second, membrane physical properties can regulate the function of membrane proteins (6) . Finally, G proteins are covalently modified with a lipid tail (7, 8) ensuring their association with the membrane. These lipid modifications contribute to the interaction of G protein subunits by restricting their relative mobility to the twodimensional plane of the lipid bilayer (9) . Direct lipid-lipid interactions also play a role in subunit association and nucleotide exchange (10) . Despite its potential importance in signal transduction, the role of the phospholipid bilayer has not been extensively investigated.
We sought to test the hypothesis that shear stress activates G proteins via the lipid bilayer by reconstituting purified G proteins into phospholipid vesicles of defined composition, loading the reconstituted vesicles with GTP, and subjecting the vesicles to a shear field. We find that shear stress activates GTP hydrolysis by G proteins in a vectorial (transbilayer) manner. In addition, we observe a modulation of steady-state and shear-activated GTP hydrolysis by membrane lipid composition.
EXPERIMENTAL PROCEDURES
Materials. Phosphatidylethanolamine (PE) and phosphatidylserine (PS) were purchased from Avanti Polar Lipids. Lysophosphatidylcholine (LPC), benzyl alcohol, trypsin, soybean trypsin inhibitor, dithiothreitol, sodium cholate, Sephadex G-50, and phenylmethylsulfonyl fluoride were from Sigma. Rabbit polyclonal antibodies specific to G␣ subunits and common G␤ subunit, mastoparan, leupeptin, aprotinin, pepstatin A, and cholesterol were obtained from Calbiochem. Column matrices for protein purification DEAE-Sepharose, Ultrogel AcA 34, and phenyl-Sepharose were purchased from Pharmacia Biotechnology. GTP, GDP, guanosine 5Ј-O-(3-thiotriphosphate (GTP[␥-S]), and Thesit (C 12 E 9 , nonaethylene glycol monododecyl ether) were from Boehringer Mannheim, and aminolink reagents kit for antibody immobilization was from Pierce. [␥- Ϸ1,100-1,300 Ci͞mmol) was from DuPont NEN. All other chemicals were of analytical grade and obtained from Sigma.
G Protein Purification. Heterotrimeric G proteins were purified from bovine brain by using previously described procedures by Sternweis and Robishaw (11) . G protein purification was achieved by sequential ion-exchange, gelfiltration, and hydrophobic column chromatography. G proteins were monitored by SDS͞PAGE͞immunoblotting and by their ability to bind GTP[␥-S] irreversibly. All steps of the purification procedure were carried out at 4°C, and protease inhibitors (2 g͞ml each leupeptin, pepstatin A, aprotinin, and phenylmethylsulfonyl fluoride) were included in all buffers.
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G protein ␣ subunits Gq and Gi3 were affinity purified by adopting the procedures described by Pang and Sternweis (12) for ␣ subunit purification using immobilized ␤␥ subunits. Polyclonal antibodies specific for ␣ subunits were amino-linked to agarose beads by using a aminolink immobilization kit (Pierce). Heterotrimeric G proteins purified from bovine brain were added to antibody immobilized on agarose beads (250 l) in 20 mM sodium Hepes, pH 7.4͞1 mM EDTA͞3 mM dithiothreitol͞0.5% Thesit͞150 mM NaCl͞5 M GDP, mixed overnight at 4°C, and packed into a small column. Immunoaffinity column with bound proteins was washed extensively with the same buffer. Proteins specifically bound to agarose beads were eluted with acidic pH buffer (100 mM glycine⅐hydrochloride, pH 2.8) directly into tubes containing 1 M Tris base and dialyzed against 20 mM sodium Hepes, pH 7.4͞1 mM EDTA͞3 mM dithiothreitol͞0.5% Thesit͞ 150 mM NaCl͞5 M GDP with protease inhibitors. Proteins in the eluted fractions were monitored by SDS͞PAGE, and Western blots were probed with antibodies specific for G protein ␣ and ␤ subunits.
G Protein Reconstitution. The nearly homogenous G protein preparation was reconstituted into liposomes by using detergent-mediated methods described by Cerione and Ross (13) . The reconstitution of purified G proteins into phospholipid vesicles was typically performed as follows: 0.5 vol of bovine brain PE (0.6 mg͞ml) and PS (0.4 mg͞ml), 0.4% sodium deoxycholate, and 0.04% sodium cholate in reconstitution buffer (20 mM sodium Hepes, pH 8.0͞3 mM MgCl 2 ͞1 mM EDTA͞100 mM NaCl) is mixed with 0.1 vol of G proteins (3 nmol) in 10 mM sodium Hepes, pH 8.0͞0.1 mM dithiothreitol͞1 mM EDTA͞0.1% Thesit on ice and extruded through polycarbonate membrane (0.1 m). Vesicles were applied onto a Sephadex G-50 column, from which they were eluted in the void volume. Protein reconstitution efficiency was measured in each preparation and ranged from 37% to 41%.
In some experiments, reconstituted liposomes were digested with trypsin for 3 min at 37°C (trypsin, 100 units) to remove exofacial G proteins. After incubation, soybean trypsin inhibitor was added and the enzyme and inhibitor were immediately separated on a Sephadex G-50 column. Collected vesicles were assessed for GTP[␥- 35 S] binding to exofacial G proteins, which was low (0.3 pmol͞g of protein) compared with nonproteolyzed controls (9.9 pmol͞g of protein) during a 30-min incubation at 37°C. Integrity of the inner leaflet G proteins was assessed by making them available for GTP[␥- 35 S] binding by solubilization with detergent (Triton X-100).
GTP Loading and Shear Stress. Liposomes reconstituted with G proteins were loaded with [␥-32 P]GTP (100 M) for 12 hr on ice through passive diffusion and passed through Sephadex G-50 to remove excess GTP. These vesicles (100-l aliquots) were subjected to shear stress (0-30 dynes͞cm 2 ; 1 dyne ϭ 10 N) in a motor-driven cone-and-plate viscometer at 37°C (water jacketed) for 1 min, and the GTP hydrolysis was measured. Steady-state GTPase activity (GTP hydrolysis) was measured by using a charcoal adsorption method (14) . Experiments with protein-free liposomes were performed simultaneously and the values (0.3 Ϯ 0.08 pmol) were taken as background. Further, GTP hydrolysis during the vesicle loading (2.7 Ϯ 1 pmol) was corrected for nonspecific hydrolysis. The shear stresses applied here are in the physiological range and similar to those experienced by vascular endothelial cells in vivo (15) . The vesicles are, however, suspended, and they experience a pulsatile shear stress as they rotate in the flow field (16) .
Assays. GTPase activity was measured essentially as described by Brandt and Ross (14) . Briefly, we used 100-l vesicles with 100 M GTP plus 0.1-0.2 Ci of [␥- 32 P]GTP in 20 mM sodium Hepes (pH 7.5) containing 100 mM NaCl, 0.2 mM ascorbic acid, and 1 mM EDTA. After appropriate stimulations the reaction was stopped by transferring an aliquot (50-75 l) of the reaction mixture to 750-800 l of Norit A charcoal suspension (5%, wt͞vol) in 50 mM sodium phosphate buffer (pH 7.4) at 0°C. The tubes were mixed thoroughly and centrifuged for 20 min at 15,430 ϫ g, and a 400-l aliquot was withdrawn and recentrifuged at the same speed. After the second centrifugation, the amount of P i released was determined by Cerenkov counting of the supernatant fraction in a liquid scintillation counter.
Binding of GTP[␥- 35 S] was assayed as described by Northup et al. (17) . Samples to be assayed were diluted in 20 mM sodium Hepes, pH 8.0͞1 mM EDTA͞1 mM dithiothreitol͞0.1% Thesit. The diluted samples were added to 50 l of 50 mM sodium Hepes, pH 8.0͞100 mM MgCl 2 ͞1 mM EDTA͞200 mM NaCl͞4 M GTP Proteins were separated by SDS͞PAGE on 10% polyacrylamide gels by using the Laemmli system (18). For immunoblotting, proteins were transferred onto Immobilon-P (Millipore) and incubated with appropriate antibodies followed by 125 I-labeled staphylococcal protein A. After extensive washing, the dried blots were subjected to autoradiography on Kodak XAR-5 film with intensifying screens.
The protein concentrations were determined by the method of Bradford (19) using a Bio-Rad protein determination kit and bovine serum albumin as a standard.
RESULTS AND DISCUSSION
Shear Stress Stimulates GTPase Activity of Reconstituted G Proteins. To examine the mechanism of shear-induced signal transduction, purified G proteins were reconstituted into liposomes composed of phospholipids PE and PS (20) . These reconstituted vesicles were loaded with [␥-32 P]GTP by passive diffusion and sheared in a motor-driven cone-and-plate rotating viscometer modified for suspended cells (15) . There was a large increase in GTPase activity (4.6 pmol͞min per g of protein) with increased shear stress (30 dynes͞cm 2 ) from the basal level of activity (0.48 pmol͞min per g of protein) (Fig.  1A) . Treatment with mastoparan, a wasp venom peptide that mimics the function of a receptor, stimulated GTPase activity ( Fig. 1 A Inset) , verifying that the G proteins incorporated into the vesicles were functional.
One possible mechanism for increased GTPase activity is that shear stress increased intravesicular transport of substrate (GTP) to the G proteins bound to the inner leaflet of the vesicles. This is unlikely, however, because the intravesicular concentration of GTP used (10 M) is at near saturation for G proteins (21) and therefore any increased transport of substrate would have negligible effect on GTPase activity.
The increase in GTPase activity may also be due to a rise in temperature of the fluid under shear, because heat is generated by the shearing of viscous f luids. Non-vesicleincorporated G proteins in suspension were subjected to shear stress and did not show an increase in GTPase activity (data not shown). In the present study, reconstituted liposomes were subjected to shear at 37°C a water-jacketed cone-and-plate viscometer, where the temperature was maintained by a circulating water bath. Finally, analytical calculations showed the maximal increase in temperature caused by shearing at 30 dynes͞cm 2 for 1 min was 0.006°C (not shown). Therefore, it is unlikely that heat produced by shear stress causes the increase in enzyme activity.
Heterotrimeric G proteins G q and G i3 were previously shown to be activated by shear stress in endothelial cells (4). Reconstituted affinity-purified G ␣q and G ␣i3 subunits along with their respective ␤␥ subunits were stimulated by shear stress in a dose-dependent manner (Fig. 1B) . The shear stress-stimulated GTPase activity is similar in the magnitude to that observed in G proteins coreconstituted with a receptor (22) . These results show that shear stress can activate reconstituted G proteins in the absence of any protein receptor.
Effect of Membrane Composition on G Protein Function. Shear stress may act by altering the physical properties of the bilayer membrane to modulate G protein function. Direct measurement of membrane physical properties of vesicles in a well defined shear field by spectroscopic methods is not currently feasible. However, membrane physical properties can be modulated by changing lipid composition or by exogenously added membrane-active agents. Here, G proteins were reconstituted into lipid vesicles containing LPC (23) or cholesterol in addition to the control PE͞PS mix (Fig. 2) . Incorporation of LPC (30 mol %) into liposomes increased the basal GTP hydrolysis almost 3-fold (from 0.47 to 1.35 pmol͞min per g of protein), whereas cholesterol (24 mol %) in the liposomes decreased the basal GTPase activity 4-fold to 0.113 pmol͞min per g of protein. Shear stress increased GTP hydrolysis of G proteins in cholesterol-containing vesicles, but only to about one-third the level of G proteins without cholesterol (Fig. 1 A) . Cholesterol also reduced the response of G proteins to mastoparan ( Fig. 1 A Inset) . We also treated reconstituted G proteins (in the PE͞PS vesicles) with the membrane-fluidizing agent benzyl alcohol (24) . Incubation of vesicles with 40 mM benzyl alcohol increased the basal GTPase activity 5-fold to 2.37 pmol͞min per g of protein.
Thus we find that the GTP hydrolysis rate of reconstituted G protein is sensitive to the physical properties of its membrane environment. Benzyl alcohol and LPC increased the basal GTPase activity of G proteins, whereas cholesterol decreased basal GTPase activity as well as shear-and mastoparan-induced increases in GTPase. Incorporation of cholesterol or LPC into the lipid bilayer did not affect the efficiency of G protein reconstitution significantly. The protein content in different reconstituted preparations were 1.24 nmol of protein per mol of lipid for PE͞PS, 1.1 nmol for PE͞PS͞LPC, and 0.87 nmol in the case of PE͞PS͞cholesterol, and the reconstitution efficiencies were 41%, 39%, and 36%, respectively.
Shear Stress Induces Transbilayer GTPase Activity. Implicit in the shear stress activation of G proteins by the membrane bilayer is the assumption that a physical force on the external membrane is sensed by G proteins on the inside of the membrane. In reconstituted vesicles it is likely that G proteins are present on both the inner and outer leaflet of the liposome. The hypothesis that phospholipid bilayer can function as receptor to transduce the mechanical signal to G proteins was validated by subjecting the reconstituted vesicles to shear after proteolysis of peripheral G proteins. Though external [␥- (Fig. 3) , confirming that the shear stress activation observed was vectorial (transbilayer) and because of G proteins on the inner leaflet.
There was no measurable effect on the size distribution of liposomes when they were exposed to shear stress (26) . Transbilayer diffusion of extrinsic membrane proteins is an extremely slow process (27) in the absence of large-scale membrane disruption.
Regulation of Signal Transduction by the Physical Properties of the Lipid Bilayer. The data presented here clearly demonstrate that the lipid bilayer can directly affect the activity of purified G proteins. However, the molecular mechanism underlying this phenomenon is not clear. A key feature of G protein-mediated signal transduction is GTP hydrolysis by the G␣ subunit. This process involves a conformational change in the heterotrimeric G protein that facilitates the exchange of bound GDP for GTP by the ␣ subunit, dissociation of the ␣ and ␤͞␥ subunits, and hydrolysis of GTP to GDP followed by reassociation of ␣ and ␤͞␥ to complete the cycle (28) . The increased rate of GTP hydrolysis in reconstituted G proteins stimulated by shear must result from an increase in the rate of one of these steps in the catalytic cycle. How might a shear force imposed on the outside of a lipid vesicle result in a conformational change in a G protein located on the inside of the same vesicle? The results presented here suggest that this phenomenon is related to the effect of the lipid bilayer on protein function. In the absence of any shear force, agents that modify the physical properties of the lipid bilayer alter the steady-state level of GTP hydrolysis of the reconstituted G proteins (Fig. 2) . What physical features of the membrane can affect protein function? One parameter that is often cited as being important is membrane ''fluidity,'' or the inversely related ''microviscosity.'' These terms are often used to describe solvents and can intuitively be understood to affect molecular motions of the solutes they contain. These simple analogies begin to break down when one considers the microenvironments in a lipid bilayer, which might be probed by different spectroscopic methods. For instance, in a threedimensional fluid, rotational molecular motions would be expected to have a dependence on viscosity similar to that of diffusional motions, but in a lipid bilayer the rotational motion of a molecule on its long axis clearly has a different meaning than the lateral diffusion rate of a molecule within the plane of the bilayer. Still, the composite parameter of ''fluidity'' is useful for understanding general aspects of membrane phenomenon.
Studying the lipid dependence of membrane proteins in reconstituted systems is an explicit way of determining the role of the membrane in the action of these molecules. Alcohols (23) and general anesthetics (6) are thought to alter bilayer properties and modulate membrane protein activity (29) , by ''fluidizing'' or disordering the bilayer. LPC is a detergent-like lipid that, at the concentrations used, increases disorder in the bilayer (23) . Both of these treatments increased the basal activity of reconstituted G proteins. The effects of cholesterol on membrane bilayers include a decrease in translational and rotational mobility of bilayer components, an increase in lipid packing, and an overall increase in membrane order (30) . Cholesterol reduced the basal activity of reconstituted G proteins as well as the degree of activation of G proteins by experimental treatments. Taken together, these experiments indicate that membrane-bound G proteins are activated by membrane fluidity modulators in the absence of a protein receptor and that alterations in the bilayer physical properties can modulate shear stress activation.
These data are consistent with a direct effect of shear stress on membrane physical properties. Previous studies have shown that fluid shear stress can increase membrane permeability in lipid vesicles (31) as well as intact cells (5) . The molecular mechanism behind this increased permeability is not known but, in general, increased membrane permeability is related to increased membrane fluidity (32) . These observations suggest that fluid shear stress alters the membrane microenvironment, such as microviscosity, leading to altered membrane protein activity. In theory, the molecular configuration and physical properties of a lipid bilayer can be modified by the application of an external force. Application of lateral pressure (F LP ) to a lipid bilayer is expected to modify the area occupied by a molecule. The relationship between F LP and molecular area (A M ) is the bilayer compressibility, which is a function of composition, lipid properties, and temperature (33) . The ability of the phospholipid bilayer to activate G␣ by shear stress strongly suggests that physical perturbations leading to changes in the microviscosity regulate the function of membrane- 
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Medical Sciences: Gudi et al. Proc. Natl. Acad. Sci. USA 95 (1998) bound G proteins (Fig. 4) . Under such conditions, a protein receptor may not be necessary to facilitate G protein activation. We speculate that shear stress disrupts lipid packing order of the phospholipid bilayer, thereby reducing the microviscosity surrounding membrane-bound G proteins. The decrease in membrane microviscosity would then increase the intramolecular dynamics and activity of membrane-bound enzymes (34) . The physicochemical properties of the reconstituted G protein vesicles used in this study are different from those of cellular plasma membranes. These differences include the phospholipid composition and protein concentration and the absence of a membrane skeleton. All of these factors are likely to contribute to differences in membrane fluidity. The results presented here are consistent with several other findings describing the effect of lipid environment on membrane protein function (35) , and they make a link between shear stress and the lipid environment. The present study demonstrates that a phospholipid bilayer is capable of acting as a mechanoreceptor.
